It is generally assumed that blood is completely mixed while passing through a ventricular chamber. This assumption underlies use of indicator dilution technics for estimation of ventricular volume. In the left ventricle of the exposed canine heart, complete mixing of blood and injected saline during one cycle was rare, especially if the heart rate was in the normal range. Computations of absolute ventricular volume are subject to error if they are based on the assumption that indicator injected into the ventricular cavity becomes uniformly dispersed throughout the ventricular cavity before the end of diastole. S EVERAL technics have been employed in this laboratory to record continuously the changing dimensions of the right and left ventricles. Because the geometric configuration of these chambers is complex, computation of ventricular volume from linear measurements of their circumference, length or diameter probably involves serious error. For this reason, it seemed desirable to employ the indicator dilution technic described by Holt, 1 ' 2 for calibrating the diameter or circumference of the left ventricle in terms of absolute ventricular volume. Holt attempted to measure the end diastolic and end systolic volumes by using electrical conductivity as an indicator of the changes in concentration after saline had been injected rapidly into the ventricle. On theoretical grounds, absolute values for ventricular volumes can be computed accurately only if the saline is completely mixed with all blood in the ventricle at the end of that diastolic interval during which the saline is injected. Before this technic was used for quantitative studies, verification of this fundamental assumption seemed desirable.
Methods
The experiments were performed on the exposed hearts of dogs anesthetized with sodium pentobarbital. In some experiments, the heart rate was slowed by stimulation of the right vagus.
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A 5 per cent saline solution was injected rapidly into the left ventricle, and blood samples were withdrawn continuously through tubes located at 2 sites in this ventricle ( fig. IB) . The concentrations of saline in these samples were compared by continuous measurement of their conductivity. The sampling tubes were polyethylene (PE 205). Matched pairs of electrodes 3.4 mm. long were fabricated from stainless steel needle stock with an outside diameter of 1.6 nun. A pair of these electrodes, with their tips less than 1 ram. apart, WHS installed inside each tube, the tips of the electrodes being about 0.5 cm. from its ventricular end. The two sampling tubes were connected to a pair of matched 20 ml. syringes mounted in parallel on the carriage of a motor-driven worm gear. Blood was withdrawn from the 2 sites in the ventricular chamber at an identical rate, ranging between 2 and 3 ml./sec. The conductivity of the blood was measured continuously by Holt's method, 1 but with the substitution of a Sanborn strain gage amplifier.- 1 Saline was injected into the ventricle through a polyethylene tube (PE 200) with its ventricular end sealed and 3 or 4 radially placed holes near this tip. The time required for manual injection of 1.5 ml. of saline was measured by mutual inductance coils fixed directly on the syringe and ranged from about 100 to 200 msec, (mean for 16 injections, 133.6 msec).
In 4 experiments, the sampling tubes and the injection tube were bound together for insertion into the ventricular cavity so that a constant relationship between their tips was maintained. In 3 experiments, the injection tube was inserted separately so that hypertonic saline could be squirted into different regions of the ventricular cavity, and in another experiment, all 3 catheters were introduced independently.
The criteria of mixing were based on model experiments in which 1.5 ml. of 5 per cent saline solution were injected into a beaker containing 200 ml. of stationary physiological saline ( fig. 1A) continuously recorded by the conductivity method. The top curve in figure 1A indicates the change in conductivity in one tube. It can be seen that, as soon as the hypertonic saline reached the sampling tube, conductivity increased suddenly (downward deflection). Conductivity continued to increase during the next 0.7 sec. and then decreased. This decreased conductivity was interpreted as the dilution of the 5 per cent saline with surrounding 0.9 per cent saline. The several irregular fluctuations were attributed to swirling of the saline inside the beaker, although the fluid was not stirred. After 4 sec, the curves reached a fairly constant new level.
The patterns of the conductivity curves during mixing were quite different at various locations in the beaker. The bottom curve in figure 1A indicates the difference between the conductivities in tubes A and B. This difference was recorded by means of the resistance bridge network described by Wiederhielm and Bruce. 4 If the output voltages of the 2 amplifiers become equal, no deflection or undulation should appear in any of the 3 traces (A, B, and A-B). Mixing of the indicator is not complete unless the concentration reaches a steady and uniform level in all portions of the chamber. The minimal requirements for mixing are not attained until the concentrations at the 2 sampling sites are both equal and steady. Rapid injection of saline through radial nozzles greatly facilitated mixing throughout the beaker. In many model studies, the saline was mixed by a motor-driven propeller, but the time required to achieve constant concentration at the two sampling sites was never less than 0.7 sec.
When 5 per cent saline was injected into the ventricular chamber during cardiac arrest induced by vagal stimulation, the conductivity curves (fig. IB) were very similar to those in the model experiment. However, during systole large artefacts commonly occurred, possibly owing to the flow of electrolytes in the vicinity of the catheter. Such artefacts invalidate conductivity measurements as indications of concentration, and despite repeated efforts, no means of eliminating them has been discovered. The criteria for mixing within the ventricle were established during diastole when such artefacts are minimal or absent.
Preliminary experiments soon indicated that uniform conductivity was very rarely achieved in any curve, so the analysis was weighted in favor of mixing by allowing a 10 degree deviation from the horizontal. Thus, the minimal requirement for mixing established was that the 2 conductivity curves and the difference curve must all be horizontal within ±10 degrees for at least 100 msec. during the last part of the diastolic interval.
Results
By even the most generous criteria, uniform concentration of injected saline was rarely achieved in the left ventricle; a typical record is presented in figure 2-1. In this experiment, the saline was injected during the diastole of the first cycle. The injection caused an extrasystole, and the compensatory pause provided additional mixing time in the second cycle. During this prolonged diastole the curve indicated a gradual increase in conductivity. This increase is interpreted as a gradual mixing of indicator inside the left ventricle. Therefore, uniform conductivity was not achieved at the 2 sampling sites. The same situation was true in the third and fourth cycles.
In the experiment illustrated in figure 2 -11, the indicator was injected early in diastole. Conductivity in the sampling tube near the apex (B) began to increase almost 50 msec, after the increase began in the tube near the center of the chamber (A). Conductivity in catheter B continued to increase throughout the rest of the diastolic phase, suggesting that the indicator was continuously mixing. The conductivity at the apex reached a maximum about 200 msec, later and then gradually recovered toward the baseline. It may be reasonably stated that both conductivity curves failed to show any sign of equality, either in concentration or in pattern, during the first diastolic phase. In the second diastolic phase, 100 msec, prior to the next systole, all the curves flattened out, a configuration indicating fairly stable and equal conductivity of the blood at the sampling sites. Figure 2 -111 shows the records for one of the relatively few instances in which the two conductivity curves reached a steady state during the first diastolic interval. The injection was made at the middle of the diastole and after 200 msec, the 2 curves become flat and essentially equal. Precise evaluation of the steady state was prevented by the change in heart rate during the following cycle. "With close inspection, the conductivity curves of the steady state do not show an exactly similar pattern, a fact which suggests that equality between the 2 curves was not achieved in a strict sense. In the preparation of the following tabulations, however, such a record was regarded as an example of the establishment of uniform and equal conductivity at 2 sites in the ventricle. If the blood were consistently well mixed in the left ventricle, all of the recorded curves should be at least this good. Of 216 in vivo experiments, 7.9 per cent satisfied the criteria for complete mixing within the cardiac cycle during which the injection was made, 3.1.9 per cent met the criteria within the second cycle, 36.1 per cent within the third cycle, and 10.6 per cent in the fourth cycle. In 13.5 per cent of the experiments, no indication of the steady state was observed during 4 successive cycles after injection. The data within each of the first 4 groups were then arranged in relation to the heart rate ( fig. 3) . It is obvious that steady and equal conductivity within the first cycle usually occurred when the heart rate was slow (mean, 59 beats/min.; range 26 to 1.11). The mean heart rate for those instances in which the equal and steady state was estab- lished during the second cycle was 103 beats/ min. (range 40 to 174). In the group in which the criteria were met during the third cj r cle, the heart rate ranged from 60 to 200 beats/ min.; with the mode around 150.
Since the heart rate varied over such a Made range, it may be worthwhile to consider separately the 71 experiments in which the rate was within the normal range (60 to 110 per min.). Only 9.8 per cent of these experiments conformed to minimal criteria for ventricular mixing during the first cycle, 43.5 per cent satisfied the criteria during the second cycle, 24.0 per cent within the third cycle, and 5.7 per cent within the fourth cycle. In 17 per cent of the experiments, the conductivity curve did not reach the steady level during the 4 successive cardiac cycles.
In another series of 7 experiments, the saline was injected into the left atrium rather than into the ventricle to provide an additional opportunity for mixing. In a typical record ( fig. 4-1) , even the minimum requirement for mixing was not satisfied. The only experiment out of 7 which disclosed fairly good mixing was that illustrated in fig. 4 -II. The subtraction curve (A-B) indicates that, equilibrium was established in about 0.62 sec.
Discussion
When indicators are injected directly into the left ventricle or are injected just upstream, into the atrium, complete mixing in the sense of uniform concentration throughout the ventricular volume is probably never achieved. An indicator can become completely mixed with all blood in the ventricle only when blood is neither leaving nor entering the chamber. Blood entering the ventricle contains no indicator, and blood leaving the chamber is not accessible to further mixing with blood within the ventricle. At normal heart rates, blood enters the ventricular cavity during the entire diastolic interval, and true diastasis does not generally occur.
0 Many of the conductivity records suggest streams of blood with different concentrations of saline swirling within the ventricles. Cinefluorographie studies 0 demonstrated that blood enters the ventricular cavities in streams which are not necessarily broken up until the next systolic ejection.
If blood is ejected into the aorta before ventricular mixing is complete, it will generally contain either a higher or lower concentration that would have been present if all the indicator had been evenly dispersed throughout the entire ventricular cavity. Spread of indicator is often delayed in the apical portion of the ventricle ( fig. IB) and probably also in blood between trabecular carnae. Further, the increment of blood propelled into the ventricle by atrial contraction (5 to 25 per cent of the total) contains no indicator. Thus samples withdrawn from the root of the aorta may contain a disproportionately large concentration of indicator. Under these conditions values for competent ventricular volume would have a consistent tendency to be too small. The turbulence in the aorta during systolic ejection accelerates mixing of that increment of blood which has left the ventricle. Thus, aortic samples may demonstrate good mixing leading to the unwarranted assumption that mixing has been completed while the blood was still in the ventricular cavity. Continuous measurements Circulation Research, Volume VIII, January I960 of conductivity indicated that the concentration of injected hypertonic saline rarely became equal or steady at 2 sampling points in the left ventricular cavity so the indicator could not have been consistently distributed uniformly in all parts of the ventricle. This was not surprising because complete mixing was not regularly attained within 0.7 sec. by violent agitation with an electric mixer whirling in a small beaker of saline.
Summary
Efficiency of the left ventricle as a mixing chamber was tested because occurrence of complete intermixture of indicator and blood is a fundamental assumption for calculation of ventricular volume from data obtained by indicator dilution technics. Electrical conductivity of blood at 2 sites in the left ventricle was measiTred following injection of saline solution. Only 7.9 per cent of 216 injections satisfied the criteria of good mixing during one cardiac cycle. Furthermore, the heart rate during these successful injections was very slow. In most instances, the basic assumption that indicator injected into the ventricular cavity is evenly dispersed throughout the ventricular cavity before the end of the diastolic interval is not consistently A'alid.
Summario in Interlingua
Lo efficacitato del ventriculo sinistro como camera miscente esseva investigate proque 1e effectuation de un intermixtion complete de sanguine e indicator es un presupposition fundamental in lo calculation del volumine ventricular super le base de ilatos obtenite per technicas de dilution de un indicator. Le conductivitate electric del sanguine esseva mesurato in 2 sitos del ventriculo sinistre post le injection do solution salin. Solmente 7, 9 pro cento de un total de 216 injectiones satisfaceva le criterios de un bon intermixtion in un sol cyclo cardiac. In plus, le frequentia cardiac in le caso de ille successose injeetiones esseva multo basse. In lo majoritate del casos, le presupposition fundamental quo le indicator injicite in le cavitate ventricular es dispergitc uniformeincnte in onmo partes del cavitate ventricular ante lc fin del intervallo diastolic non os completemento valide.
